ABSTRACT In order to solve the problem of the speed response and system buffeting for a bearingless induction motor (BIM), which is subjected to various interferences and uncertainties, as well as the worse convergence performance of linear sliding mode and the singularity of terminal sliding mode, a nonsingular fast terminal sliding mode control strategy is proposed. Taking the power function of system state variables into consideration, the sliding mode hyperplane is designed as a combination of linear and nonsingular terminal sliding modes, which make the approaching speed correlate with the state variables of the system. Meanwhile, the differential sliding surface is constructed, and it is based on the rotational speed and radial displacement error of the BIM. Therefore, current signal and radial force are derived by the synthesis of the equations of electromagnetic torque, motion, and levitation force motion. Compared with the conventional strategies, the convergence speed of system state variables can be accelerated during the whole process, which contributes to operate without chattering and achieve high servo precisions. The theoretical simulation and experimental results indicate that the presented strategy can not only quickly track the given value of speed and radial displacement simultaneously, but also enhance the operation quality and robustness of the system. In addition, the rotor is capable of quickly reaching the steady position and achieving stable suspension.
I. INTRODUCTION
Among various types of bearingless motors, bearingless induction motors (BIM) possess functions as well as advantages of asynchronous motor and magnetic bearing as a whole, for instance, simple structure, uniform air gap, low cogging torque ripple, no friction and wear, no noise, no additional lubrication and longevity of service. Consequently, fast velocity and super-fast velocity, vacuum, corrosion and other special environment of the ''maglev'' operation can be achieved [1] - [3] . At present, the traditional PID controller has been broadly applied to motors control system due to its simple algorithm, high reliability and convenient speed regulation and so on. However, when the system suffers from parameters variation or external uncertain disturbance factors, the BIM with nonlinear, multivariate, strong coupling characteristics is hard to acquire excellent performance by using the traditional PID control [4] , [5] .
Recently, a great deal of research has been done by domestic and foreign scholars and lots of superior approaches have been increasingly utilized to control system. Generally, these methods can be classified into four main strategies, involving adaptive control, fuzzy control, neural network control, intelligent control and sliding mode control (SMC) [6] - [10] . SMC is gradually used in the AC servo system because of its sliding trajectory can be set up automatically, without high accuracy requirement to the mathematical model and excellent robustness to the disturbance, SMC has been developed as one of effective methods [11] . The system state variables of linear sliding mode are constantly approaching to the given value while ignoring greater error with the given value. When the system state variables are close to the equilibrium position, the convergence speed of nonsingular terminal sliding mode can be accelerated. However, when it is far away from the equilibrium position, the convergence time is relatively longer and the dynamic performance is worse [12] , [13] . In [14] , discrete-time sliding mode controllers with an implicit discretization of the signum function are discussed. It guaranteed Lyapunov stable with finite time convergence of the sliding variable to zero. In [15] , on the foundation of fuzzy systems to approximate uncertain functions and compensate input saturation, an adaptive fuzzy hierarchical sliding mode control method for a class of multi-input multi-output (MIMO) unknown nonlinear timedelay systems with input saturation is proposed. In [16] , the improved sliding mode observer is applied to decrease the error of velocity measurement, which contributes to the accuracy and reliability of the speed sensorless control in the permanent magnet synchronous motor (PMSM). In [17] , a novel reaching law based on power function of system state variable has been proposed to improve the dynamic performance of the PMSM speed regulation control system, which enhances the robustness of the system effectively. However, it is difficult to select index parameters and it limits the application of high precision motors. In [18] , the first order norm of system state variables are incorporated in reaching law to design the nonsingular terminal sliding mode controller for tracking velocity and rotor radial displacement. However, this method only considers the acceleration for approaching speed while ignoring the effects of the longer convergence time result from the system state variables of nonsingular terminal sliding mode are far away from the balance position, so it is unable to achieve the optimum control performance. In [19] , based on the backstepping and terminal sliding mode method, the position controller is designed. To a certain extent, the accurate estimation of torque and the precision tracking of rotor radial displacement are realized. However, the algorithm increases the complexity of system design greatly, as well as has trouble applying to engineering. In [20] , on the foundation of direct instantaneous torque and the analysis of the nonsingular terminal sliding mode, the system volatility can be decreased effectively. However, from the perspective of the selection of boundary value, on the one hand, too large selection boundary value will affect the convergence speed; on the other hand, too small selection boundary value will reduce the robustness of the system. Therefore, the desired control effect is unattainable.
In order to track the speed and radial displacement of the BIM accurately, a nonsingular fast terminal sliding mode control (NFTSMC) strategy is investigated. This method not only avoids the disadvantage from the deficiency of linear sliding mode tends to a balance position asymptotically, but also overcomes the nonsingular terminal sliding mode shortcoming of slow convergence rate when the system state variables far away from a balance position, so that the whole system has global rapid convergence. It is greatly significant to apply this method to construct the speed controller and the radial displacement controller. Meanwhile, the smoothing of the symbol function can effectively suppress the inherent chattering of the sliding mode. The presented method can track the given value of rotation speed and the radial displacement rapidly. Moreover, it has the characteristics of fast convergence and response, the system chattering of sliding mode is weakened simultaneously, which can be verified by the simulation and experimental results.
II. PERFORMANCE ANALYSIS OF NFTSMC
A nonlinear control system is given as:
where
is the system uncertain disturbances, |g(x)| ≤ ϑ, ϑ is the interference upper bound. u ∈ R n is given as follows:
where s c (x) is switching function and it is expressed as:
For the sake of compensating for the shortage of nonsingular terminal sliding mode control, a nonsingular fast terminal sliding mode surface is presented, which contributes to the system has global fast convergence:
The sliding mode surface of NFTSMC is composed of two parts: linear sliding mode and nonsingular terminal sliding mode. As the system state variables (|X| is large) at a distance from the sliding mode surface, at the same time, the system state variables are mainly converging to the steady position through the exponential term αx 1 + cx 2 . Taking advantage of the convergence speed of the long distance between linear sliding mode and the equilibrium point is fast, which contributes to the convergence speed of the system is accelerated. As the distance between system state variables and the stable point is close, the |X| gradually decreases and tends to zero. The coefficient of linear sliding mode is based on the power function of system state variables and reduces exponentially with the reduction of the state variables, cx 2 will tend to zero because of the effect of linear sliding mode occupies a very small proportion. Hence, the sliding mode movement is ultimately converging to the origin. The nonsingular terminal sliding mode αx 1 + βx p/q 2 will play an important role. VOLUME 5, 2017 By adopting the reaching law of [21] to weaken the intrinsic chattering, it can be expressed as:
The controller is expressed as:
) where p, q, α, β, ε, λ, ξ are constants greater than zero; 1 < p/q < 2; X is the system state variable x 1 or x 2 . According to the formula (6), u will not appear the phenomenon of infinity so as to solve the singularity of terminal sliding mode. It is a clear indication that the system is capable of converging to the steady position in a finite time.
Selecting the Lyapunov function V = 1/2s 2 to verify the stability of the NFTSMC strategy, and differentiating the Lyapunov function with respect to time and it can be expressed as:V = sṡ < 0 (7) where s is the nonsingular fast terminal sliding mode surface. Substituting equation (1) ∼ (6) into (7), p − q is known as even, g (x) ≤ l g . Then, Formula (7) turns into:
As a consequence, NFTSMC method satisfies the demands of the existence and reachability of sliding mode, it ensures the system is capable of reaching the sliding mode in a finite time from arbitrary state.
Taking a representative nonlinear system:
as an example, the superiority of the proposed method can be verified by designing the nonsingular terminal sliding mode controller (NTSMC) and NFTSMC, respectively. Fig. 1 and Fig. 2 , from the comparison of this two strategies, it can be found that NFTSMC has faster convergence velocity than NTSMC. What's more, the chattering is obviously suppressed. 
III. DESIGN OF THE BIM ROTATIONAL SPEED AND RADIAL DISPLACEMENT WITH NFTSMC A. THE MATHEMATICAL MODEL OF THE BIM
The suspension current of the BIM produces the induced current and then generates the corresponding torque on the rotor. However, the current component and the induced current are relatively minor, so this part of torque can be ignored [22] , [23] . Therefore, it can be regarded as the torque and levitation force are generated by the torque current and suspension current of the BIM respectively.
The rotor voltage equation of the BIM torque winding can be given as:
The rotor flux linkage equation can be established as:
where i 1rd and i 1rq are the component of torque winding current in the rotor under the d-q axis respectively, i 1sd and i 1sq are the component of torque winding current in the stator under the d-q axis respectively. The electromagnetic torque equation can be expressed as:
The equation of motion can be set up as:
where P 1 is the pole-pairs number of torque winding, P 2 is the pole-pairs number of suspension winding, ω is the rotor velocity, J is the rotor moment of inertia, T l is load torque, F is the coefficient of friction between rotor and load. The radial suspension force expression of the suspension winding can be described as:
Assuming that the rotor mass of the motor is m, the x and y axis interference forces are individually as F zx and F zy . The motion of the BIM suspended rotor is expressed as:
where F s is the unbalanced magnetic force produced by the rotor eccentricity; k s is the radial force displacement stiffness, which is merely related to the structure of the motor. The motion equation of the BIM suspension rotor system can be shown as Fig.3 . Due to the system exists the magnetic field coupling, when the rotor air gap field oriented, the following equations can be utilized to decouple: Substituting formula (15) into (11), the equation of electromagnetic torque is derived as:
Similarly, substituting formula (15) into (13), the equation of the radial suspension force is derived simultaneously as:
According to formulas (16) and (17), the conclusions can be drawn that the radial suspension force and electromagnetic torque are bound up with winding current respectively, so that the decoupling are realized.
B. THE DESIGN OF THE SPEED WITH NFTSMC
The system state variables are given as:
where ω * is the given speed, ω is the actual speed. From formula (12), (16) and (18), e ω2 can be expressed as:
Therefore,ė ω2 can be derived as:
Because of the motor control system exists unsure interference,ė ω2 is expressed as:
where ζ 1 , ξ 1 and η 1 are corresponding to the uncertain disturbances and bounded constants. Generally, g 1 (t) can be considered as the sum of system interference elements, thus, e ω2 can be simplified as:
where g 1 (t) = ζ 1iqs + η 1ω + ξ 1 , |g 1 (t)| ≤ l g1 and l g1 is a bounded plus quantity.
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Accordingly, differentiating the formula (18), the speed error equation of system state variables can be obtained as:
Choosing the presented sliding mode hyper plane as:
Selecting X = e ω1 to avoid the differential interference of the state variable of e ω2 , the controller can be designed as:
It can be found that the current by integrating filter, which can decrease the steady-state error and increase the system control precision. Furthermore, the speed error is capable of converging to the desired position in a finite time. In addition, in the interest of reducing the inherent chattering of the sliding mode variable structure control, the saturation function sat(s, δ) is used instead of the symbol function sgn(s) [24] .
The sign function sgn(s) of controller is replaced by saturation function sat(s, δ). Further manipulation of the formula (25) can be converted as:
C. DESIGN OF ROTOR RADIAL DISPLACEMENT WITH NFTSMC
where x * is the given displacement, x is the actual displacement. From formula (14) , (28),ė x2 can be derived as:
Similarly, because of the motor control system exists unsure interference,ė x2 is expressed as:
where ζ 2 , ξ 2 and η 2 are corresponding to the uncertain disturbances and bounded constants. Generally, g 2 (t) can be considered as the sum of system interference elements, thus, e ω2 can be simplified as:
and l g2 is a bounded plus quantity.
Consequently, the radial displacement error equation of system state variables can be obtained as:
Selecting X = e x1 to avoid the differential interference of the state variable of e x2 , the F x controller can be designed as:
Similarly, the F y controller can be designed as:
Therefore, the x, y direction radial displacement error is capable of converging to the desired position in a finite time. 
IV. SIMULATION AND EXPERIMENTAL VERIFICATION A. RESULTS AND ANALYSIS OF SIMULATION
The structure diagram of the BIM control system based on NFTSMC is shown as Fig.4 . Compared with the difference between the speed ω r and the given speed ω * r . Then, by means of NFTSMC controller, the torque T * e can be derived. By analogy, compared with the difference between x and y displacement signal and the given displacement x * , y * by means of NFTSMC controller, the radial suspension force F * x , F * y can be generated respectively. In the interest of verifying the validity of the presented strategy, the simulation models of BIM control system is constructed by means of adopting Matlab/Simulink. The structure parameters of the BIM are given in Table 1 .
Comparing and analyzing the simulation results of the speed response controlled by three control strategies of PI, NTSMC and NFTSMC under the system in the case of starting, sudden load and sudden change of speed with disturbances, which are shown in Fig. 5 . The parameters of NFTSMC are shown as: p 1 = 9, q 1 = 7, α 1 = 70, ε 1 = 1, β 1 = 0.1, ξ 1 = 0.3, γ 1 = 2, l g1 = 50. The PI controller parameters are adjusted as: k p = 1, k i = 0.001.
As shown in Fig. 5(a) , the speed response of the system starts to 6000r/min with no-load, during the start-up process, compared with NFTSMC, the starting speed of the system on the condition of the PI and NTSMC control is relatively slower, it can be found that the speed response of the system is fluctuated obviously and the overshoot is large, simultaneously. As shown in Fig. 5(b) , the speed response of the system suffers from mutation load (4N·m) when the system operating at the steady state, because of the affection of the external disturbances, the speed on the condition of the PI and NTSMC control is more sensitive to the load disturbance than NFTSMC, moreover, there are approximately 100r/min fluctuations at the loss of much longer time to reach the given speed. As shown in Fig. 5(c) , the speed falls shapely from 6000r/min to 3000r/min under 4N·m load, by considering the influence of speed mutation, which results in the speed fluctuates greatly and the dynamic regulation time is longer under the PI and NTSMC control in comparison with NFTSMC. Based on the above investigation, from the comparison of three selected methods, it has been verified that it is optimal to choose the NFTSMC control strategy, which contributes to the motor has the merits of rapid response, little overshoot, no fluctuation of the speed, and fast recovery with the given value. Meanwhile, it has better dynamic and static performance.
The rotor radial displacement simulation results of the system operating at the speed mutation from 6000 to 3000 are presented in Fig.6 . The parameters of NFTSMC are shown as: p 2 = 9, q 2 = 7, α 2 = 1, ε 2 = 0.001, β 2 = 0.1, ξ 2 = 0.1, γ 2 = 0.5, l g2 = 20. The PI controller parameters are adjusted as: k p = 900, k i = 0.01.
It's obvious from Fig.6 that the NFTSMC strategy is able to converge rapidly to the steady place with little fluctuation and achieve stability levitation. Moreover, strong anti-disturbance ability, excellent robustness and better control performance can be obtained.
B. RESULTS AND ANALYSIS OF THE EXPERIMENTS
In order to further verify the accuracy and effectiveness of the proposed method. The system experimental platform is built, which designed by laboratory of the BIM is employed; the TMS320F2812 DSP is used in the experiment. Using photoelectric encoder to measure the motor speed and electric eddy transducer to test the radial displacement simultaneously, the prototype parameters keep consistency with simulation parameters, and setting speed to 3000r/min, the motor assistant bearing air gap is 0.4mm, the hardware structure diagram is shown in Fig.7 . Fig. 8 shows the speed response experimental results of load sudden adding under the control strategies of PI, NTSMC and NFTSMC respectively, on the condition of the BIM operating the steady state at 3000r/min. It can be concluded that when applying external disturbances, compared with PI and NTSMC, the speed of the system under the control of NFTSMC has faster response speed and better stability. Not only the speed and rotor radial displacement can quickly and accurately track the given value, but also the system has excellent robustness and strong ability to resist external disturbance.
As shown in Fig. 9 , the radial displacement curves of x and y direction for the BIM operates stably at 3000r/min. It is clear from Fig. 9(a), (b) that the vibration displacement under the control of PI and NTSMC, the peak to peak values are 100µm and 80µm, respectively, the vibration range is much less than the air gap length of the BIM. Therefore, the stable suspension is realized successfully. Fig. 9(c) shows radial displacement experimental result under the control of NFTSMC, the vibration displacement of the peak to peak value is 60µm. Compared with the PI and NTSMC, the NFTSMC amplitude are decreased by 40% and 20%,respectively. Accordingly, it can be found that the suppression effect is obviously, the system control precision can be improved and the stable suspension of the BIM can be ensured as well.
V. CONCLUSIONS
On the foundation of the conventional sliding mode hyper plane, the NFTSMC strategy is proposed to quickly track speed and radial displacement of the BIM. It has been found that it is greatly important, by introducing the state variables, to accelerate the convergence speed and achieve global fast convergence. Therefore, the proposed optimal method is effective and meaningful for improving the characteristics of the speed of response and system chattering of the BIM. The speed controller and radial displacement controller of the BIM can not only improve the speed of system and restrain the chattering simultaneously, but also strengthen the system robustness. In addition, it is effective to raise the dynamic and static performance of the BIM control system. The simulation and experimental results are capable of verifying the effectiveness and superiority of the presented method. He is currently pursuing the M.S. degree with Jiangsu University. His main research interests include electric drive and nonlinear intelligent control of motors.
